to a noxious stimulus is suppressed in 50 percent of tions. It is possible that the general anesthetics the subjects studied). As anesthesia is deepened inhibit certain metabolic pathways which result in beyond 1 MAC, the ratio CBFICMRm increases in the necessitv for a higher tissue P a . On the other -a linear fashion with depth reaching 34 at 3 MAC.
hand, it is'also lihly that these data represent This has been observed for all anesthetics studied at failure of the processes governing cerebral vascular the University of Pennsylvania and is also seen to be true when data from other laboratories are resistance and tissue Po2 during deep anesthesia; in examined. other words, there may be a loss of the regulation of This concept raises certain fundamental questhe flow by metabolic needs during deep anesthesia. s ditions of little or no gas exchange, that large differences in PCOZ can occur between mixed venous blood and alveolar gas Gurtner et al: 1969; Dennison et al: 1969, Guyatt et al, in press ). Gurtner et a1 ( 1969) have found that APca was related to both [H+] and [HCOi] activity by the mixed venous blood. They developed a model explaining their results which involves a coupling of bulk flow, diffusion and chemical reaction near a negatively charged capillary wall. This model was considered in their article which appeared in Resp Physiol and will be considered only briefly at the present time. The model postulates an intracapillary H+ difference due to a negatively charged capillary wall. There is a large amount of evidence that walls of blood vessels carry fixed negative charges. This evidence is reviewed in the 1969 paper.
Steady State Differences in
In the dynamic situation, we believe in the vicinity of these negative charges that H+ reaches electrochemical equilibrium (a Donnan equilibrium) faster than HC03-, resulting in a transient disequilibrium and production of COz by the association of [H+] and [HCOs-] ions. If the transit time of blood through the capillary is short enough, a steadystate disequilibrium state can occur between [H+] and [HC03-] near the capillary wall resulting in a higher PCOZ near the wall than in the bulk phase of the capillary blood.
The rapid movement of H+ ions is of crucial importance in this model and is thought largely to be due to the H+ ion dissociation of large protein molecules when exposed to an electric field (Wien effect).
Large negatively charged macromolecules, such as proteins which move slowly by diffusion, tend to lose their faster moving counterions (such as H+, Na+, etc) when exposed to an electrical field. Since proteins are weak acids, the loss of counterions, including H+ ion near the charged groups on the protein molecule causes dissociation of the acid groups. The proposed dissociation of protein causes the H+ ion activity to approach equilibrium near the charged capillary wall faster than [HC03-] can escape due to electrostatic repulsion and causes a transient production of COz near the wall due to the association of [H'] + [HCOs-1. If the transit time of blood through the capillary were shorter than the time for [HCOa-] to reach equilibrium, a steadystate PCOZ difference could occur within the capillary, and consequently in the alveolar capillary membrane and alveolus. However, if the capillary transit time were sufficiently long, the effect of the increase of [H'] near the charged capillary wall would be balanced exactly by the effect of the decrease in [HCOa-] and no differences in CO;? would result.
We believe that under certain circumstances ( high pulmonary blood flow rate ) nonequilibrium of [Hi] , [HCOs-] and COz might occur within the capillary. Arguments supporting our belief in light of present knowledge concerning rates of chemical reaction and diffusion in blood are given in the appendix of our 1969 article.
In order to test this hypothesis, the cardiac output of five dogs was changed by hemorrhage and subsequent re-infusion of the blood. Simultaneous measurements of APCOZ and cardiac output were obtained. We found that when cardiac output falls, ~P c o z starts to decrease and eventually disappears. (Gurtner, et al: 1969) Since AH+ = (HfW -H+B), AH+ = HB (ef+iRT -I), AH+ a t constant fi is a constant multiple of H+B, and therefore, APcoz should be directly related to HB and inversely related to blood pH as follows:
Gurtner, Song and Farhi found that A P C O~/ H C O~-increased in proportion to H+ ion as predicted by ( 1B ).
These results are shown in Figure 1 where APCO~/HCO~-is plotted against the pH of mixed venous blood. The solid line gives the slope of the predicted relationship; it can be seen that the model fits the experimental results fairly well.
However, the real situation is more complex because [HC03-] near the wall is decreased both by the electrostatic repulsion of the negative charges and the chemical reaction forming Con. Gurtner, Song and Farhi considered the rate of change of CO2 and HC03-activity in a small volume of blood passing through a pulmonary capillary under the influence of charges on the wall. In their treatment of the problem, it is assumed that at time = 0 the volume of blood enters the capillary and is acutely exposed to an electrical field. This assumption seems reasonable if kept in mind that the surface area of the pulmonary capillary bed is large compared with that of the pulmonary artery. Because of the difference in surface area, it seems unlikely that blood entering the capillary near the wall would have been exposed to an electrical field near the wall of a pulmonary artery. This acute application of an electrical field causes the H+ ion to reach equilibrium nearly instantaneously (due to the Wien effect). The H+ ion then associates with HC03-forming CO2. It was shown the relationship between APco2 and time after exposure to an electrical field could be described by the following equation: APCo2 = A (e -A l t -e -"t 1 The time that the blood is in contact with the J.
= 12.5 mV wall depends on the type of flow through the ca-HC03-B = .0276 mols/liter pillary. If there were strictly laminar flow, this time KB uncatalyzed = .13 sec-' may be long. However, since the red cells are about (calculated from Roughton, 1964) the same size as the capillary, it seems likely that KA uncatalyzed = 163660 sec-' some mixing might occur due to the mechanical for different reaction rates (multiples of the uncatalyzed rates), and for two different thicknesses of the electrical double layer ( 10AO and 70A0 ), which these are the approximate lower and upper limits of the thickness of the electrical double layer as predicted by the Debye-Hiickel theory. It can be seen from equation ( 2 ) and Figure 2 that the magnitude of APcoe is a function of a number of factors: 1) H+ and HC03-concentration in the bulk phase; 2 ) electrical potential difference between wall and bulk phase; 3 ) diffusion coefficient and thickness of the charged layer; and 4 ) chemical reaction rate. In Figure 2 it seems that the reaction rate for dehydration of carbonic acid would have to be faster than the uncatalyzed rate for this mechanism to form significant amounts of Con; however, if the rates were 100 times faster than the uncatalyzed rate, the ~P c o 2 would be nearly as great as if the rate were infinitely fast. Roughton has estimated that the carbonic anhydrase activity inside red cells is sufficient to speed up the reaction 10,000 fold ( Roughton, 1964 ) . Carbonic anhydrase is also present in the lung. We need to assume that there is enough of this enzyme to speed up the reaction 100 fold. Although several other enzymes appear to be present on the wall of the pulmonary capillaries (Vane, 1969) , carbonic anhydrase need not be present on the capillary wall as carbonic acid formed by association of HCOs and H+ should be freely diffusible into the alveolar capillary membrane where the enzyme can facilitate the dehydration reaction; 5) the time that the blood is exposed to the electrical field. 
deformation-of the cells. Mixing would tend to increase the quantity of blood exposed to the electrical field in a single transit time through the capillary and decrease the time that any volume of blood was under the iduence of the charged capillary wall.
The Applicability to Other Weak Acids and Bases and to Tissues Other Than Lung Tissue
It should be noted that this mechanism should affect other weak acids and weak bases as well. It is evident from equations (1B) and ( 2 ) that for weak acids, the ratio of AHAIA-, all other factors remaining constant, is inversely proportional to the ratio of equilibrium constant divided by the [H+]
activity.
Similar relationships have been derived for weak bases which should be relatively excluded from the area near the charge.
The site of action of this mechanism should not be only the pulmonary capillary, but should be present in all capillaries since all vascular walls appear to bear surface charges.
We attempted to test these two predictions by measuring the distribution of a C" labeled weak acid, barbital (pK7.8) and a C14 labeled weak base ( hydroxy methyl amino-ethane ( THAM ) pK 7.77) between a fluid filled lobe of lung and mixed venous blood in a living dog and between cerebrospinal fluid and arterial blood in the same dogs.
We measured weak acid and base distribution between CSF and blood because the composition of CSF should reflect the composition of the extracellular fluid (ECF) of brain. This means that we could ascertain if the uncharged form of barbital was concentrated in the ECF and if the uncharged form of THAM was partially excluded from the ECF as predicted by the hypothesis.
The steadystate differences in uncharged barbital and THAM normalized for the blood concentration of barbital and THAM are shown in Figure 3A ----.
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distributed between CSF and blood as predicted by the charged membrane hypothesis, the relationship between CSF and cerebral venous blood P C O~ might also follow such a relationship. The experiments were performed as follows: hletabolic acidosis-in anesthetized, paralyzed, artifically ventilated dogs, arterial PCO~ was held constant before, during and after infusion of dilute HCI, pH was measured using a Radiometer pH microelectrode; CSF P a 2 was measured using the Astrup equilibration technique; blood P C O~ was measured with a C02 electrode; HC03-was calculated. We found that the acid base relationships between CSF and blood were as described in Figure 4A . After rapid infusion of the HCI at constant Pacoz, [H+] activity of the CSF was found to increase, and after two to three hours was not different statistically from blood [H+] activity. The increase in [HA] was largely accounted for by an increase in CSF PCOZ (about 75 percent of the increase was due to COz), while significant differences in steadvstate [HC03-] concentration occurred between CSF and blood. Respiratory acidosis-if the paralyzed, ventilated animals were respired with CO:! air mixtures, the acidbase relationships were as described in Figure 5A .
Similar to metabolic acidosis there were large steadystate PCOZ and [HC03-] differences between CSF and venous blood, but H+ activity was not different between CSF and blood. Metabolic Alkalosis- Figure 4 gives the results during metabolic alkalosis. At constant PaCOz the infusion of 
CSF, cerebral venous and,arterial blood during y acidosis (B). Note that large steady state between CSF and venous blood where as [H+]
FIGURE 5 A and B. Acid base relationships between CSF, cerebral venous and arterial blood, during pure metabolic (A) and respiratory alkalosis ( B ) . Note that H C q -appears to reach equality between CSF and blood in both cases.
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and blood in the presence of COz difference. Respiratory Alkalosis-( Figure 5B ) During respiratory alkalosis the differences between CSF and venous Pm2 disappeared. We feel that this represents a confirmation of the charged membrane hypothesis. During respiratory alkalosis it is well known that cerebral blood flow decreases as PaCOz decreases. Since the mechanism predicts a Pcoz difference which is directly proportional to blood flow we would expect that APmz would disappear with decreasing blood flow.
In the absence of a Pcm difference there was no [H+] and [HC03-] difference between venous blood and CSF (not shown in Figure 5B ). This might indicate a cause and effect relationship between ~P c m and the regulation of brain [H+] .
Summary of the findings of the acid-base experiments. The relationship between APCOZ and blood H+. Such a relationship was observed by Gurtner, Song and Farhi when ~P c o z was measured across the alveolar capillary membrane under conditions of no gas exchange. In Figure 6 ~P m z (CSF-V) is plotted against [H4] activity. A highly significant correlation is present as predicted by the model. Figure   FIGURE 7 . Relationship between the ratio of to our findings during acidosis.
The relationship between [HCOa-] differences across the blood brain barrier and [H+,]. In
Although it is hard to believe that any ion would not move across the blood-brain barrier at all, quantitative changes in permeability might occur.
H+ dependent permeability changes are known to occur in several biologic membranes. In frog muscle cen membrane anion permeability increases as H+ activity decreases (Hutter, Warner, 1961) . If similar changes occur in the blood-brain barrier, we might expect that at low H+ activity [HCOi] permeability may be large enough relative to [H*] permeability so that HC03-concentration is the same in CSF and blood. At high blood H+ concentrations HCOs-permeability relative to [H'] permeability decreases and H+ activity can approach equality between CSF and blood.
Although this model is over-simplified and a more rigorous approach to the same hypothesis is undertaken below the relationship between HCOa-and H+ permeability and steady state HC03-and H+ ratios should remain valid.
Since it is not possible to measure permeability to H+ and HCO3-directly, we attempted to test this hypothesis by measuring permeability of the bloodbrain barrier to (& and Na2~ at different [H+] activity of arterial blood. We found that Cbc permeability increased as H+ decreased agreeing at least qualitatively with the hypothesis. Nand permeability did not change with changes in pH.
A Quantitative Derivation of the Hypothesis
If we consider the flux of an ion across the bloodbrain barrier, Since we must have electrical neutrality on either side of the membrane as well as within it, we consider not only the movements of H+ and HC03-, but also movements of all other ions. If we write the flux equation for ions present in blood and CSF in major concentrations, we will have a set of simultaneous differential equations which can be solved for either H+ or HC03-differences.
The ions of importance here are H+, HC03-, C1-and Na+.
There is no doubt that rates of water movement would be orders of magnitude faster than ion movements. If this is so, then dNa/dx would be 0, since there is only a single major cation and dHCOs-ldx = dCl/dx because of electroneutrality, since these are the only anions. It also seems likely that the rate of chemical reaction of C02 and HC03-and H+ even if uncatalyzed by carbonic anhydrase would be much faster than ion movement.
Using these two assumptions, we can rewrite the above equations. In general DH+ must be on the order of lo7 in order for any [HCOs-] differences to occur. This seems extremely unlikely on the surface. However, if we consider that we are not surprised at facilitated ( carrier mediated ) diffusion of Con (the carrier being HC03-), we should similarly not be surprised at facilitated diffusion of HC03-and H+ (with CO2 as a carrier ) .
Since this hypothesis depends upon facilitated diffusion which is dependent on the reaction rate of hydration of CO2 to H2C03 to explain the potential difference and acid-base relationships between CSF and blood, an obvious test of the hypothesis is the slowing of hydration of C02 to H2CO3 by blocking carbonic anhydrase. Preliminary experiments indicate that the potential differences, as well as aPco2 between CSF and blood during acidosis disappears when acetazolarnide is instilled into the CSF or blood .
Similar to the qualitative expression of this model, as permeability to anions increases,~~%CO3-tends toward equality between CSF and blood.
Measurement of Tissue PCOP*
A membrane-tipped probe of 300 microns diameter has been developed by Dr. Bums. The membrane was made by layering polypropylene over Teflon and pulling both over a small stainless steel capillary tubing. The flux of gas across this mem- Figure 9 . This is the sort of relationship predicted by the charged membrane hypothesis. If the Pcoz difference was caused by a diffusion barrier to metabolically produced CO2, one would expect an additive relationship with Pco2 remaining more or less constant as Pacoz increased. Furthermore, it is hard to believe that significant C02 differences could occur ( Ponten and Siesjo, 1966) .
It seems possible that these large Pc02 differences may play a role in tissue acid base balance similar to the one which we proposed as operating between CSF and blood. Siesjo (personal communication) has found that CSF and intracellular HCO3-increase markedly during chronic hypercapnia. This is similar to our findings that large HC03-differences occur between CSF and blood during hypercapnia and may indicate that PC& differences may be involved in a cause and effect manner (see "A theoretical model explaining the acid base relationships between CSF and blood above). n patients with chronic respiratory acidosis and I mr pulmonale, development of superimposed metabolic alkalosis is not uncommon. The purpose of this study is to examine the effect of such combined acid-base disorders on cerebrospinal fluid (CSF) acid-base balance and respiratory control.
Effect of Superimposed Metabolic
Cats were exposed to varying concentrations of Con for a period of 5-14 days. In ten experiments, the cats were fed a regular diet. In the other ten experiments the animals were placed on a bicarbonate-enriched diet. In cats fed the diet the total C02 content and PC& in the arterial blood and CSF increased progressively with the increase of partial pressure of CCh in the chamber (PICOP). The compensatory increase of arterial or CSF [HCOs-] was, however, incomplete, resulting in a linear increase of [H+] in both arterial blood and CSF. In cats fed bicarbonate, a greater increase of Con content and reduction of [H+] were noted in the blood at each level of PICO~. The arterial P a , ' From the Albert Einstein College of Medicine, Bronx, New York.
however, was little influenced by the alkalotic regimen except on three occasions when the increase of arterial bicarbonate was extreme. The influence of the alkalotic regimen on the CSF [HC03-] and [H+] was also very slight in the majority of experiments. On three occasions of extreme alkalosis, there was a marked increase of CSF [HCOs-] which was associated with a nearly complete compensation of CSF pH and respiratory suppression evidenced by marked increase of arterial P a s .
These results suggest that an effective but limited regulatory mechanism exists for the transport of bicarbonate ions across the blood-brain barrier and prevents an excessive increase of CSF [HCOs-] under these conditions. Such a regulation of CSF [HCOa-] is predictable from the hypothesis recently proposed by Siesjo et a1 ( Scand J Clin Lab Invest 24:1, 1969) and is considered to play an important role in preventing the severe respiratory suppression which would otherwise occur if the CSF pH were completely compensated.
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